Methanol steam reforming is a promising process for the generation of hydrogen. In this study, Au catalysts supported on modified montmorillonite were prepared and their catalytic activity for methanol steam reforming was investigated at 250-500 • C. The physical and chemical properties of the as-prepared catalysts were characterized by Brunauer-Emmet-Teller method (BET), X-ray diffraction (XRD), transmission electron microscopic (TEM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Inductively Coupled Plasma (ICP), and thermogravimetrc analysis (TGA). For the catalysts examined, Au-Ti-Ce/Na-ABen exhibits the best catalytic performance with methanol conversion of 72% and H 2 selectivity of 99% at 350 • C. This could be attributed to Au, Ce, and Ti species which form a solid solution and move into the interlayer space of the bentonite leading to a high surface area, large average pore volume, large average pore diameter, and small Au particle size. We considered that the synergistic effect of the crosslinking agent, the Ce species, and the Au active sites were responsible for the high activity of Au-Ti-Ce/Na-ABen catalyst for methanol steam reforming.
Introduction
Hydrogen is considered one of the best energy carriers to satisfy the ever-growing demand for a clean and sustainable energy supply with the continuous reduction of fossil fuels [1] [2] [3] . However, the controlled storage and release of hydrogen is still a critical, challenging, and urgently required issue for fuel cell based hydrogen economy [4] [5] [6] . Recently among hydrogen-storage materials for mobile applications, methanol, which is readily available and considered as a sustainable energy carrier since it can be produced from renewable sources, has been recognized as a good feedstuff for high-purified hydrogen production due to its high hydrogen/carbon ratio and safe handling [7] [8] [9] [10] [11] . Moreover [3, 4] , methanol has no C-C bonds, and can be reformed at a relatively low temperature (200-300 • C) with low risk of coke formation. Although methanol is highly toxic and miscible in water, it has the advantage of being biodegradable, liquid at atmospheric conditions, and has a high hydrogen to carbon ratio [12] . During the reaction, this range of temperatures is very low when compared to other common fuels such as methane, which is reformed above 500 • C, and ethanol with a reforming temperature around 400 • C [13, 14] . Therefore, methanol is considered as one of the most promising sources for hydrogen production via the steam reforming of methanol (SRM): CH 3 OH + H 2 O CO 2 + 3H 2 , ∆H • = 49.5 kJ·mol −1 [15] [16] [17] .
added to the deionized water and made into a slurry, adjusting to pH = 8 with 0.1 M NaOH. The resulting mixture was stirred at room temperature for 1 h. Then, the alkali-activated Na-Ben (Na-ABen) was obtained by centrifuging, washing and drying at 70 • C for 12 h. Then 10.5 mL of butyl titanate was added to isopropanol (9.8 mL) and stirred until the solution became light yellow, followed by adding 40 mL of distilled water under vigorous stirring until the solution became a white slurry. The above mentioned slurry was sequentially added to concentrated HCl (1 mL) and dried at 50 • C for 12 h to form Ti cross-linking agent. A mixture of Ce(NO 3 ) 3 ·6H 2 O and Ti cross-linking agent with a molar ratio of Ti/Ce = 10 was added to 4 mL of 0.1 M HAuCl 4 solution at 80 • C and stirred for 24 h. The mixture was mixed with Na-ABen (with a Ti-Ce/Na-ABen ratio of 20 mmol/g). The pH was adjusted to 8 with 1 M NaOH, and the mixture was stirred at 80 • C for 24 h. The suspension was then filtered and the precipitate was washed thoroughly with deionized water to remove the Cl − . Finally the catalyst (Au-Ti-Ce/Na-ABen) was dried at 80 • C for 12 h, calcined in air at 400 • C for 3 h. Au/Na-ABen and Au-Ti/Na-ABen were synthesized by the same procedure without addition of Ce(NO 3 ) 3 ·6H 2 O, Ti cross-linking agent and Ce(NO 3 ) 3 ·6H 2 O, respectively. For comparison, the Ti cross-linking agent was slowly added into Na-ABen suspension (Ti/Na-ABen = 20 mmol/g) and under vigorous stirring for 3 h. The obtained solid product sample was then centrifuged, washed with deionized water to remove the Cl -and dried at 70 • C for 12 h. Finally, the Ti-Na-ABen was obtained after it was calcined in air at 400 • C for 3 h. Then, the 10 mL 0.1 M HAuCl 4 solution and the above-mention Ti-Na-ABen were adjusted to pH = 8 with 1 M NaOH and the mixture was stirred at 80 • C for 24 h. Finally, the catalyst (Au/Ti-Na-ABen) was dried at 70 • C for 12 h, calcined in air at 400 • C for 3 h. Au/TiO 2 was prepared using a similar procedure without adding Na-ABen. The contents of Au for all samples were kept constant (1.4 wt %).
Catalyst Characterization
Powder X-ray diffraction (XRD) patterns were recorded on a Bruker AXS D8 Focus diffractometer instrument (Beijing Persee Instrument Co., Ltd., Beijing, China) operating at 40 kV and 40 mA with Cu target Kα-ray (λ = 0.154056 nm) irradiation. Diffraction data (2θ) was collected between 2 • and 80 • with a scanning rate of 2 • /min. For calculation of the interlayer space of ABen by the Bragg equation we used 2dsinθ = nλ, where λ = 0.154 nm is the X-ray wavelength, θ is the Bragg diffraction angle, and n is the series of diffraction [57] .
The Brunauer-Emmet-Teller method (BET) were performed at 77 K on Micromeritics ASAP2020 equipment (Micromeritics Instrument (Shanghai) Ltd., Shanghai, China). The samples were degassed in vacuum (≈1 µm Hg) at 200 • C for 300 min. The specific surface area was calculated using the BET model and the pore size distribution was obtained from the adsorption branch of the N2 isotherm by the Barret-Joyner-Halenda (BJH) model.
Transmission and high resolution transmission electron microscopic (TEM) images were obtained on a JEOL JSM-2010 electron microscope (Japan Electronics Co., Ltd., Tokyo, Japan). The powders were suspended in ethanol for 10 min under ultrasonic treatment before they were deposited onto the carbon-film-coated copper grids. The average gold particle diameter and its distribution were determined by counting at least 50 particles.
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) (optima 5300DV, Perkin-Elmer, PE, Waltham, MA, USA) quantitative analyses (Au line 267.595 Å, plasma power 1200W, plasma flow 1.5 L/min).
X-ray photoelectron spectra (XPS) were carried out on a PerkinElmer PHI1600 system (Thermo Fisher Scientific, Waltham, MA, USA) using a single Mg-K-X-ray source operating at 300 W and 15 kV. The spectra were obtained at ambient temperature with an ultrahigh vacuum. The binding energies were calibrated using the C 1s peak of graphite at 284.5 eV as a reference.
The morphologies of the samples were investigated by scanning electron microscopy (SEM, FEI Quanta 200 F, American FEI Company, Hillsboro, Missouri, MO, USA). Thermogravimetrc analysis (TGA) and differential scanning calorimetry (DSC) were simultaneously performed on a CTR-4P instrument (Shanghai precision & scientific instrument Co., Ltd., Shanghai, China) at a linear heating rate of 10 • C/min in air atmosphere.
Catalytic Activity Measurements
The SRM reaction was carried out in a fix-bed micro-reactor (stainless steel U-shaped tubular reactor, 4 mm i.d.) at atmospheric pressure. The reaction temperature was raised from 250 to 500 • C, and the products were analyzed per 50 • C. Prior to characterization and reaction, the catalyst (100 mg) was reduced in-situ under hydrogen flow (30 mL·min −1 ) at 150 • C for 2 h, since the main active content of the samples is gold. After catalyst activation, the CH 3 OH:H 2 O molar ratio was fixed constantly at 1:1. The mixture was injected continuously to a vaporizer by a liquid syringe pump at a rate of 0.175 mL·h −1 . Because the methanol reforming produces both liquid and gas phase products, two columns were used for the analysis of the liquid and gas products. The effluent gas stream was analyzed on-line by gas chromatography-thermal conductivity detector (GC-TCD, Shanghai precision & scientific instrument Co., Ltd., Shanghai, China) with a column of TCX-01, with Ar as the carrier gas. The condensate was analyzed by gas chromatography-flame ionization detector (GC-FID, Shanghai precision & scientific instrument Co., Ltd., Shanghai, China) with a column of Porapak-Q, with nitrogen as the carrier gas. At each experimental temperature, the reaction ran for 30 min until the steady state, which was verified by a relative percentage different of less than 5% for two successive runs of effluent gas analysis was achieved. The experimental data were displayed in terms of CH 3 OH conversion (%) and H 2 selectivity (%).
C CH 3 OH and S H2 present the conversion of CH 3 OH and the selectivity of H 2 , respectively. n(CH 3 OH), n(H 2 ), and n(CH 3 OH) 0 present the mole contents of methanol and H 2 of the outlet and the mole content of methanol in the feed, respectively.
Results and Discussion

Characterization
To detect the surface properties of the as-prepared catalysts, X-ray photoelectron spectroscopy (XPS) was employed to examine the content and types of Au species. The results of Au contents of all prepared samples were simultaneously measured by ICP, as shown in Table 1 (and Figure S1 in Supporting Information). It can be seen that Au exists in the form of Au 0 and Au x+ oxidation states with the relative intensities of Au 0 and Au x+ being 41% and 59% respectively. Probably because the reduction at 150 • C is not so strong to reduce all the gold in the oxidized states, the gold is present also as Au x+ in a larger amount. We found that this value of actual gold content examined by ICP is much higher than the surface gold content examined by XPS. It indicates that most of the Au nanoparticles moved into the interlayers of the clay. The actual gold contents of the Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen catalysts are much higher than that of Au/Ti-Na-ABen. This could be attributed to the surface gold content of Au/Ti-Na-ABen being higher than Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen. The results show that the Ti cross-linking compound could result in the gold moving into the interlayer space of bentonite and improving the actual gold content of the sample. Figure 1 shows the powder X-ray diffraction pattern of the catalyst. XRD was used to determine the crystalline phases of catalyst. The 2θ angles at about 19.88 • and 26.78 • belong to kaolinite and SiO 2 , respectively. The peak at 38.2 • show that Au phase formed in the Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen catalysts, since the catalyst produced by compound cross-linking can improve the load of gold, while no Au reflection peak was observed for the Au/Ti-Na-ABen catalyst. This is because the gold in the Au/Ti-Na-ABen catalyst was highly dispersed fine nano-particles on the surface [59] , and the actual Au content in this sample was not high. The reflection peak of CeO 2 was not observed since CeO 2 was highly dispersed in the interlayer space of bentonite. The broad peaks of the TiO 2 phase are found in the Au-Ti-Ce/Na-ABen catalyst. The probable reason is that a solid solution may be formed due to the Ce 4+ species in the TiO 2 lattice. Table 2 shows the 2θ and d(001) spacing of the prepared samples. It shows that the original d(001) spacing of Ca-bentonite is 12.73 Å. After the Na ion exchange and activation process, the d(001) spacing of Na-ABen became 14.91 Å. While, the introduction of Au to the Na-ABen resulted in the reduction of the d(001) spacing of Au/Na-ABen to 12.08 Å, while, the cross-linking agent could obviously increase the d(001) spacing of the bentonite. Ti-Na-ABen, Au/Ti-Na-ABen, Au-Ti/Na-ABen, and Au-Ti-Ce/Na-ABen show d (001) Figure 1 shows the powder X-ray diffraction pattern of the catalyst .XRD was used to determine the crystalline phases of catalyst. The 2θ angles at about 19.88° and 26.78° belong to kaolinite and SiO2, respectively. The peak at 38.2° show that Au phase formed in the Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen catalysts, since the catalyst produced by compound cross-linking can improve the load of gold, while no Au reflection peak was observed for the Au/Ti-Na-ABen catalyst. This is because the gold in the Au/Ti-Na-ABen catalyst was highly dispersed fine nano-particles on the surface [59] , and the actual Au content in this sample was not high. The reflection peak of CeO2 was not observed since CeO2 was highly dispersed in the interlayer space of bentonite. The broad peaks of the TiO2 phase are found in the Au-Ti-Ce/Na-ABen catalyst. The probable reason is that a solid solution may be formed due to the Ce 4+ species in the TiO2 lattice Table 2 The BET surface area, average pore volume, and average pore diameter for all prepared samples are shown in Table 3 . The surface area of Ben increased from 35.5 to 134.3 m 2 /g after Na ion exchange and the activation process. This is because the inorganic salt and metal oxide in the interlayer of bentonite were removed, which makes the pores of the clay dredged. The cross-linking agent pillared catalysts show an even higher surface area, since the components of crosslinking went into the interlayer of bentonite and forced the layers of clay apart [60] . However, the surface area of Na-ABen and Ti-Na-ABen decreased from 134.3 and 210.6 m 2 /g to 112.9 and 191.8 m 2 /g, respectively, after the loading of Au (Au/Na-ABen and Au/Ti-Na-ABen) This could be mainly ascribed to the Au nanoparticles going into the pores of the support, which did not function as a pillar, and blocked some of the pores. The surface areas of Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen are higher than those of Au/Na-ABen and Au/Ti-Na-ABen, since Au together with Ce and Ti cross-linking agent move into the interlayer of bentonite and lead to the increased layer spacing of bentonite. It was observed that the Au-Ti-Ce/Na-ABen catalyst has a larger surface area than Au-Ti/Na-ABen, this may be due to Ce 4+ and part of the Au species migrating into the interlayers by the synergistic effect. These results agreed well with those found by XRD measurement (Table 2) . SEM images of Au/Na-ABen, Au/Ti-Na-ABen, Au-Ti/Na-ABen, and Au-Ti-Ce/Na-ABen catalysts are illustrated in Figure 2 . It was found that the particles size was not uniform, and there were some large particles in the sample. This could be mainly attributable to the crosslinking agent precursors of organic volatiles moving out quickly during the calcination so that its frame has no time to contract evenly. In addition, some irregular frameworks emerged on the surface of bentonite dues to the pillared content increases.
The morphologies of the supported Au catalysts are characterized by typical transmission electron microscopy (TEM). It is observed clearly from Figures 3a-c and 4d that both Au particles, Au-Ti pillaring species, and Au-Ti-Ce pillaring species appear as nanoparticles, and the mean diameters of them are about 12, 10, 8, and 6 nm, respectively. Au/Ti-ABen catalyst had the largest Au particle size, Furthermore, for the Au/Ti-ABen catalyst, Au particles dispersed unevenly and reunion. For the Au-Ti/ABen and Au-Ti-Ce/ABen catalysts, the pillaring species evenly dispersed on the surface of the bentonite and part of the pillaring species were dispersed to enter interlayers. Compared with other catalysts, Au/Na-ABen catalyst which had the largest Au particle size bring about the lower catalytic activity. For the Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen catalysts with special, pillaring species evenly dispersed on the surface of bentonite, parts of the pillaring species entered into the interlayer space of the bentonite. Furthermore, all the mean diameter values are much smaller than the clay interlayer spacing. These results provide further support to confirm that the species of Au nanoparticles can be inserted into the clay interlayer to improve the catalyst for methanol steam reforming. The thermal stability of the catalyst is very important for practical application. Thus it is necessary that the thermal stability of the as-prepared catalysts are also evaluated by thermogravimetric analysis (TGA). Figure 4 show the TGA carves of ABen, Au/Na-ABen, Au-Ti/ABen and Au/Ti-Na-ABen nanocomposite under an air atmosphere. The weight of ABen gradually decreased as the temperature was increased to 200 • C and the TGA profile of the others indicated that a significant weight loss was then observed at temperature ranging from 30 to 100 • C. This could be mainly assigned to the removal of adsorbed water molecules. There was not a significant weight loss obvious as the temperature was increased to 800 • C for the TGA curves of the as-prepared catalysts. The results indicate that the as-prepared catalysts modified by the cross-linking agent possess more a better thermal stability than the catalysts without modification by cross-linking agent.
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Catalytic Activity Tests
The catalytic performances of the Au/TiO2, Au/Na-ABen, Au/Ti-Na-ABen, Au-Ti/Na-ABen and Au-Ti-Ce/Na-ABen catalysts for the SRM reaction were evaluated at 250-500 °C and the results are shown in Figure 5 . As shown in Figure 5a , the activity of Au/TiO2 and Au/Na-ABen is much lower than Au/Ti-Na-ABen, Au-Ti/Na-ABen, and Au-Ti-Ce/Na-ABen, since the BET surface areas and particle size of the Au/TiO2 and Au/Na-ABen are much smaller than the other samples. In addition, the methanol conversion increases as the temperature rises for Au/Ti-Na-ABen, Au-Ti/Na-ABen, and Au-Ti-Ce/Na-ABen. For Au/TiO2 and Au/Na-ABen, the methanol conversion increases as the temperature rises at the beginning, and then decreases as the temperature becomes higher. It might be attributed to the Au particles on the Au/TiO2 and Au/Na-ABen aggregate becoming less active. Since Au-Ti compound as cross-linking agent for Au-Ti/Na-ABen could make the Au nanoparticles move into the interlayer of bentonite clay and be confined in the interspace, the Au-Ti/Na-ABen catalysts show better catalytic activity than Au/Ti-Na-ABen. Au-Ti-Ce/Na-ABen shows the best activity for the SRM reaction and reaches more than 80% methanol conversion at 400 °C. This could be attributed to the Au-Ti-Ce which can also move into the interlayer space of bentonite and enlarge the d(001) spacing of bentonite. In addition, the Au-Ti-Ce cross-linking agent results in a smaller Au particle for the Au-Ti-Ce/Na-ABen sample, and more Au is defined in the interlayer space of bentonite. It is clear that the cerium obviously promoted the activity of methanol conversion. Figure 5b shows that the H2 selectivity is higher than 95% at 250-350 °C for all catalysts except Au/TiO2. The H2 selectivity decreased as the temperature became higher than 350 °C for most of the catalysts. This is because the water-gas shift reaction is endothermic. Thus, as the temperature rises, the reaction balance moves and favors the production of CO, and the H2 selectivity decreases [61] . It should be mentioned that the catalytic performance of the Au-Ti-Ce/Na-ABen catalyst is the best in the present work. However, its activity as well as selectivity is not as good as the reported Cu-Al . Thermogravimetrc analysis (TGA) curves of ABen, Au-Ti/Na-ABen, Au/Na-Aben, and Au/Ti-Na-ABen in an air atmosphere.
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Conclusions
The modification of the layer clays and pillared clay-based catalysts by a cross-linking agent apparently enchanced the thermal stability of the catalyst and enlarged the interlayer spacing between the two bentonite layers. The Au-Ti-Ce/Na-ABen catalyst shows the best activity and best H2 selectivity of all the samples. As evidenced by XRD, ICP, and XPS characterizations, the Au, Ce, and Ti species could form a solid solution and move into the interlayer space of the bentonite in the case of Au-Ti-Ce/Na-ABen. Thus it is apparent that the synergistic effect of the crosslinking agent, Ce species, and Au active sites are responsible for the high activity of the Au-Ti-Ce/Na-ABen catalyst for methanol steam reforming. 
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